Study objectives: Breath-to-breath variability is not purely random but is, instead, characterized by correlations on short-and long-term scales. Shortterm correlations might reflect intact metabolic-control mechanisms. To investigate whether the higher variability of breathing during rapid eye movement (REM) compared to non-REM (NREM) sleep is of random or nonrandom nature-reflecting an altered respiratory control-short-term and long-term correlations of respiratory drive and timing were determined. Design: A full-night polysomnogram with a pneumotachograph attached to a full-face mask was performed. For each breath during NREM and REM sleep, respiratory components were analyzed based on the quantitative airflow. Setting: Data collection took place in the sleep laboratory. Participants: Twenty-nine healthy subjects (age, 25.8 ± 3.1 years). Measurements and Results: Long-term correlations are practically absent in respiratory timing and drive components during NREM sleep, whereas they are present during REM sleep. Short-term correlations are present in respiratory drive, tidal volume, and minute ventilation during both NREM and REM sleep. In all timing components, additional shortterm correlations are absent. Conclusion: We conclude that from NREM to REM sleep, short-term regulation of respiratory drive remains strongly metabolically controlled and clearly different from the short-term regulation of the rhythm-generating function. Regulation of respiratory timing and drive during REM sleep is characterized by additional long-term correlations. We speculate that this is the result of cortical influences during phasic REM sleep. Thus, the variability of breathing during REM sleep contains a nonrandom component, such that breathing components remain dependent upon each other even with large time lags between components.
INTRODUCTION

THE CONTROL OF BREATHING IS AN INTEGRATIVE PROCESS-IN SUCH A WAY THAT THE CHARACTERIS-TICS OF CURRENT BREATHS ARE CORRELATED WITH
the characteristics of previous breaths. 1 These correlations include information on short-and long-term scales. As demonstrated by Priban 2 and others, 3, 4 breath-to-breath components are not purely random in resting awake humans, nor are they random in non-rapid eye movement (NREM) sleep; instead, they are characterized by a strong relationship between one breath and another at a time lag of a few breaths (short-term correlations [STC] ). Thus, if one breathing interval happens to be longer (respectively shorter), the typical duration of the next intervals is also longer (respectively shorter). If such dependencies are not limited to a small lag but, instead, extend for lags up to the whole duration of the sleep stages, we denote them as long-term correlations (LTC). Some studies using autocorrelation analysis have shown that breath-to-breath correlations at a lag of only few breaths (STC) can increase with different respiratory stimuli [5] [6] [7] in wakefulness as well as in patients with restrictive lung disease. 8 As an interpretation of these data, it has been suggested that STC may reflect automatic (metabolic) influences on the respiratory controller dictated by autonomous reflexes.
New mathematic techniques allow the assessment of complex and variable systems providing information on their long-term autocorrelation properties. LTC have been recognized in many natural sequences. 9, 10 For the quantification of these LTC, a previously validated method-termed detrended fluctuation analysis (DFA)-has been used. [11] [12] [13] [14] Prominent examples in which this technique has been employed include weather and climate forecasts, 15 as well as differentiation of coding and noncoding DNA sequences and differentiation of sleep stages by heart-rate sequences. [16] [17] [18] Advantages of using DFA are that it can be applied reliably to nonstationary data and it can distinguish artifacts of trends and periodicities from genuine LTC. Recently, it has been shown by DFA that breath-to-breath intervals and tidal volume in rapid eye movement (REM) sleep exhibit LTC suggesting complex changes for the regulation of breathing from NREM to REM sleep. 19 Furthermore, this behavior is very similar to the behavior of heart rate during sleep, which may imply a similar regulation for heart rate and breathing during sleep. 18 Control of respiration is a complex process, which is state dependent 20, 21 and comprises the regulation of several respiratory components. It is generally recognized that the output of the respiratory system is derived from separately modulated drive and timing components. Mean inspiratory flow (volume of inspired breath divided by inspiratory time [V I /T I ]) has been shown to reflect respiratory drive, while respiratory timing is reflected by T I divided by total time (T Tot ). 22 Investigations on respiration in conscious humans have shown that respiratory timing can easily be influenced by cortical factors, whereas the control of respiratory drive prevents a reduction in tidal volume (V T ) below a required level, ensuring metabolic homeostasis. 23 During wakefulness, consciousness might affect breathing by will, which underlines the importance of an investigation during sleep where external stimuli are absent or at least reduced. Furthermore, results of a diminished hypercapnic ventilatory response during REM sleep compared to wakefulness and NREM sleep suggest a changed or possibly disturbed metabolic control of ventilatory drive during REM sleep. [24] [25] [26] Therefore, the purpose of this study was to answer the following questions: (1) Does short-term regulation of respiratory drive and timing change or remain intact from NREM to REM sleep? (2) Does the complex regulation of respiration in REM sleep occur in a random or nonrandom order on large time scales? (3) Which differences in breath-to-breath variability and distributions of respiratory components occur in REM sleep compared to NREM sleep?
METHODS
Subjects and Protocol
Twenty-nine healthy young subjects (22 men, 7 women; age, 25.8 ± 3.1 years; body mass index, 22.3 ± 0.7 kg/m 2 ) were studied. Subjects gave informed consent, and the study was approved by the local ethics committee. On the first night, a diagnostic sleep study (adaptation night) and during the second night (study night), the flow measurement was performed.
Measurements
Sleep Study
Polysomnography (PSG) was recorded according to established standard criteria. 27, 28 Apnea was defined as the cessation of airflow for at least 10 seconds. Hypopnea was defined as a reduction of airflow by at least 50% for 10 seconds accompanied by a decrease in SaO 2 by at least 4%.
Respiration
Ventilation was recorded using a calibrated pneumotachograph (H. Rudolph heated pneumotachograph 3700 A, Hans Rudolph Inc, Kansas City, Mo, USA) attached to a full-face mask (Sullivan mirage, ResMed Inc, San Diego, Ca, USA, dead space, approximately 100 mL). On the following morning, the calibration of the pneumotachograph was repeated. To monitor mask leakages and to minimize rebreathing from the breathing circuit, all subjects received nasal continuous positive airway pressure of 3 cm H 2 O during the entire study. The quantitative flow signal was recorded continuously over all breaths; for each breath, V I , expiratory volume (V E ), mean V T , breathing frequency (f B ), T I , expiratory time (T E ), T Tot , minute ventilation (V E ), V I /T I , and T I /T Tot were calculated and stored on a microcomputer. Relevant mask leakages were detected as either a deviation from zero flow value at end expiration or as a difference in V I and V E values ( Figure 1 ) and defined as a constant breath-to-breath deviation between inspiratory and expiratory volume > 0.1 l during a period of at least 1 minute. We analyzed respiration only in stable sleep that was free of leakages, sleep-disordered breathing, and artifacts and included at least 5 minutes of continuous sleep without awakening. In addition, 45 seconds of the recording at the beginning and end of each sleep stage were not analyzed.
Detrended Correlation Analysis
To minimize the effect of nonstationary trends related to intrinsic respiratory oscillations as well as external fluctuations due to environmental noise present in respiratory physiologic data, we applied the DFA. This method has been validated on control time series that consist of long-term correlated data superimposed on a nonstationary external trend. [11] [12] [13] A detailed description of the DFA algorithm has been published elsewhere. 11, 13, 19 To study the correlation behavior of the breathing data separately in REM and NREM sleep, we first split all records according to the sleep stages, as defined by PSG. We then calculated the squared DFA fluctuation function F 2 (s) separately for each piece, averaging the F 2 (s) over all pieces of either REM sleep or NREM sleep for each subject. Finally, we calculated the square root. We plotted the corresponding F(s) with double logarithmic scaling, see Figure 3 . We then determined power-law fits, F(s) ~ s α (straight lines in the loglog plot), separately in 2 scaling regimens corresponding to STC and LTC. A scaling exponent (slope) α 1 for STC is calculated in the scale range 7 to 14 breaths (left grey regions in Figure 3 ) and a slope α 2 for LTC in the scale range from 16 breaths up to one quarter of the number of breaths observed in the longest continuous piece of REM or NREM sleep for each subject, ie, up to the vertical bars for each record in Figure 3 . At least the right grey region is used for the calculation of α 2 . The limits of both regimens were set such that the scaling behavior can be observed most reliably. During REM sleep, 8 subjects did not reach sufficiently long REM sleep periods (> 140 breaths), and the LTC could only be determined in 21 subjects. Values of α 2 > 0.6 can be regarded as significant LTC. We regard large values of α 1 as an indication of additional STC if α 1 exceeds α 2 by more than 0.25.
Data Analyses and Statistics
Descriptive statistics for respiratory components (mean value, median, fifth percentile, 95 th percentile, SD, coefficient of variation, and skewness) were calculated on a breath-to-breath basis for each subject and sleep stage. STC and LTC were characterized by the mean DFA2 fluctuation exponent α 1 and α 2 . The distributions of respiratory components were displayed as aggregated deviations from each individual average for NREM and REM sleep. Standard parameters of PSG were calculated as mean from each individual value and compared between the adaption and the study night.
Data are reported as mean ± SD. Only mean values per subject were used for statistical calculations. Statistical significance was assumed at P < .05 (2-sided). Statistical analysis was done using SPSS version 10.0 (SPSS Inc, Chicago, Ill). Data distributions were checked for normality; parametric (student paired t test) or nonparametric (Wilcoxon signed-rank test) tests were used to compare data for NREM and REM sleep. The parametric Student paired t test was used to compare data for NREM and REM sleep whenever data distribution was normal. Otherwise the nonparametric Wilcoxon signed-rank test was used if this was indicated.
RESULTS
Mean Values for Respiration
Mean total sleep time during the study night was 345.8 ± 51.6 minutes. The results are based on an average of 3054 ± 1172 breaths for each subject during sleep (NREM sleep: 2352 ± 962; REM sleep: 699 ± 300). On average, evaluation time was 144 ± 45 minutes in NREM and 38 ± 14 minutes in REM sleep. The V E increased slightly from 7.6 ± 0.6 L/minute in NREM to 7.8 ± 0.7 L/minute in REM sleep (P < .05). The f B increased from 16.1 ± 2.0 breaths/minute in NREM to 17.9 ± 2.7 breaths/minute in REM sleep (P < .05), whereas V T decreased slightly from 480 ± 60 mL in NREM to 460 ± 60 mL in REM sleep (P < .05). The respiratory duty cycle ratio (T I /T Tot ) increased from 42.6% ± 2.3% in NREM to 46.7% ± 1.7% in REM sleep (Wilcoxon: P < .05) due to a decrease in T E . The T I remained unchanged in NREM and REM sleep (1.6 ± 0.2 seconds), whereas the T E decreased from 2.2 ± 0.3 seconds in NREM sleep to 1.9 ± 0.3 seconds in REM sleep (P < .05). Thus, subjects exhibited a more rapid, shallow breathing pattern during REM sleep as compared to NREM sleep.
Breath-to-Breath Variability
In NREM sleep, the coefficient of variation was lower for T I /T Tot than for V I /T I (8.5% ± 1.8% vs 11.2% ± 2.8%, respectively; P < .05). The highest variability during NREM sleep occurred for T E , with a coefficient of variation of 12.2% ± 2.8% (Table 1) . From NREM to REM sleep, the coefficient of variation of T I /T Tot and T I changed less, whereas the increase in breath-to-breath variability for V I /T I and V T was more distinctive than for the other respiratory components ( Table 1 ). The coefficient of variation for T I /T Tot was lower than for V I /T I (10.9% ± 2.1% vs 31.9% ± 9.7%; P < .05) during REM sleep.
The distribution of all breaths displayed as deviation from each individual average, as shown in Figure 2 , was more flat and wide for the respiratory components in REM sleep compared to NREM sleep but much less distinctive for T I and T I /T Tot (Figure 2 ). In all of these distributions, the respiratory components fluctuated symmetrically around the median, except for f B during REM sleep, which was more skewed to higher frequencies during REM sleep (skewness: NREM 0.7 vs REM 1.4; Table 2 ). During REM sleep, the mean of the individual distances between the fifth percentile to the median and the median to the 95 th percentile for each subject was small for the respiratory components, whereas for f B the distance between the median and the 95 th percentile (5.5 ± 1.4 breaths/minute) was markedly higher than the fifth percentile to the median (3.0 ± 0.8 breaths/minute; Wilcoxon, P < .05). Thus, f B fluctuated more toward rapid breathing. Moreover, subjects exhibited a greater degree of variability in all respiratory components during REM sleep as compared to NREM sleep, being most for V I /T I . (Figure 3a and 3b) . The slope is significantly positive only during REM sleep, which shows the occurrence of LTC (Figure 3b) .
Correlation Properties
The results obtained for the 8 records in Figure 3 are representative of all records (see Table 1 and the straight lines below the data in Figure 3 ). Respiratory timing and drive components were close to an uncorrelated behavior on long-term scales during NREM sleep, whereas STC are present for V I /T I , V T , and V E (α 2 -α 1 > 0.25; Table 1 ). During REM sleep, LTC are present for T I /T Tot and V I /T I as well as for all other respiratory components. In addition, STC are present for the volume components (V I /T I , V T and V E ), with a similar value compared to NREM sleep (α 2 -α 1 > 0.25; Table 1 ).
Sleep Quality
Sleep efficiency during the adaptation night was 82.6% ± 12.2% and remained almost unchanged during the PSG in which flow measurement were performed (83.8% ± 8.5%; Wilcoxon P = .73). Distribution of sleep stages and the number of arousal and periodic legs movements were not affected by the flow measurement, as compared to the adaptation night (Table 1) . Respiratory parameters such as arterial oxygen saturation and the apnea-hypopnea index remained unchanged between the 2 nights ( Table 2) .
DISCUSSION
We investigated the breath-to-breath variability and the random versus nonrandom behavior of respiration on short-term as well as on long-term scales to characterize the regulation of breathing during NREM and REM sleep. We found similar STC for respiratory drive during NREM and REM sleep, suggesting that the regulation of respiratory drive remains intact and strongly metabolically influenced during REM sleep.
During REM and NREM sleep, STC of respiratory timing and drive were different, demonstrating a different control of the timing and drive components of respiration. Only during REM sleep did respiratory drive and timing show LTC, which are similar to the heart-rate changes that occur during REM sleep. 12, 18 We thus speculate that LTC are a result of cortical influences during phasic REM sleep that are related to increased brain activity during dreaming. However, the variable breathing pattern during REM sleep is nonrandom on LTC, and breaths that are far from another one are not completely independent of each other. In addition, breathing-pattern analysis revealed that the distribution of f B was skewed toward more rapid breathing, whereas all other respiratory components had a symmetric distribution in REM sleep.
To reach reliable conclusions, we studied a large sample of healthy adults during an entire night and used a pneumotachograph, which produces a stable and accurate signal over long time series. The large amount of REM sleep provided a large number of breaths, forming the basis for a valid comparison between NREM and REM sleep. Leakage is a serious potential problem in all measurements using a pneumotachograph. We used a full-face mask with a low nasal continuous positive airway pressure and continuous leakage detection. Mask leakages were detected at the time of recording and could be corrected immediately. Periods with leakages were excluded from evaluation.
Nasal continuous positive airway pressure itself might influence ventilation. However, as previously shown, nasal continuous positive airway pressure at low pressure does not influence V E . 29 The use of a full-face mask with a dead space of approximately 100 mL will increase minute ventilation, but, because the mask was used throughout the entire study, we assume that this did not cause differences between NREM and REM sleep. We confirmed that the equipment used did not affect sleep quality and arousal frequency compared to an adaptation PSG without flow measurement (Table 1) .
In the 1980s, several studies investigated breathing in healthy humans during sleep. Often the studies had methodologic limitations (short recording periods, small number of subjects), and results for respiration during sleep remained conflicting. There has been a debate about whether V E further decreases from NREM to REM sleep. Some studies showed a decrease in V E , [30] [31] [32] [33] 38 while other studies did not confirm this reduction. [34] [35] [36] [37] Our data demonstrate, on the basis of long time series and a large group of healthy subjects, that there is no further decrease of V E from NREM to REM sleep, as has been reported previously. [30] [31] [32] [33] 38 It has to be considered that we analyzed more periods of late REM sleep. But periods with early REM sleep are often very short and sometimes absent. Furthermore, with the clear increase in mean f B , the slight decrease in mean V T , and the increase in respiratory timing from NREM to REM sleep, we could clarify contradictory results of recent years.
A rapid, shallow breathing pattern and a pronounced decrease in V E with the occurrence of "phasic REM" compared to "tonic REM" sleep has been shown by Gould et al, 36 but an exact analysis of breath-to-breath variability has not been presented so far. In our study, the distributions of V E and other respiratory components, except for f B , were symmetric, and, therefore, during REM sleep, decreases of V E were not more frequent than increases. Furthermore, REM sleep was characterized by large changes in V E , mainly caused by a high variability in V T and, to a lesser extent, in f B , in which the distribution was skewed toward more rapid breathing. All of these changes in mean values from NREM to REM sleep suggest a changed control of breathing during REM sleep. It is known that REM sleep is accompanied by atonia that affects some skeletal muscles, including upper-airway muscles as well as postural and accessory respiratory muscles, 35 and the complete loss of protective airway reflexes such as electromyographic augmentation of upper-airway muscles in response to airway narrowing. Moreover, in the animal model, an increased activity of inspiratory neurons in the medulla and thus Table 2 ). in central respiratory drive during REM sleep has been shown. 39 There is a faster and more irregular breathing, 40 whereas ventilatory response is reduced, suggesting a changed metabolic control of respiratory drive during REM sleep. [24] [25] [26] 41 Milic-Emilie 22 established separately modulated drive and timing components as the output of respiratory-control system. The abrupt transition between inspiration and expiration is reflected by T I /T Tot , which is a prominent feature of the rhythm-generating function. This phase switching occurs as a result of discharge of many inspiratory and expiratory neurons. The constancy with the transition point (T I /T Tot ), as compared to respiratory drive, is remarkable for the highly variable REM sleep but also for the regular NREM sleep.
It is noteworthy that breath-to-breath variability in respiratory components suggests that the respiratory controller may be an adaptive system with a memory that will keep the performance of the respiratory system at metabolic conditions depending by the response of the system during previous breaths. 2 It has to be discussed whether the STC or LTC might be caused or affected by the chemical feedback loop. Hypercapnic stimuli of ventilatory drive causes STC and oscillations. 5 Recently, coherent oscillations of end-tidal CO 2 and V I /T I have been found, reflecting chemoreflex properties. 42 However, correlation properties determined by DFA are different from oscillatory fluctuations. The occurrence of STC may be related to afterdischarge or short-term potentiation of the dynamic chemoreflex control. This means that after abrupt cessation of a primary respiratory stimulus, respiratory output declines slowly to prestimulus levels. Therefore, we support the hypothesis that STC are generated by a central neural mechanism. It may be caused by a decay of short-term potentiation or afterdischarge of dynamic control rather than by an instability in the chemical feedback loop or in the threshold of chemosensitivity.
Moreover, for only REM sleep is it known that respiratory response to chemical stimuli is reduced, [24] [25] [26] particularly during phasic REM sleep, 43, 44 suggesting a changed or possibly disturbed metabolic control of respiratory drive. However, Schäfer et al 43 have shown that increasing hypercapnia leads to an overall increase in respiratory drive compared to prestimulus values with a decrease in phasic REM and an increase during tonic REM sleep, which is more pronounced in the same direction under increasing stimuli by hypercapnia. These data reflect that central control of respiratory drive is intact during REM sleep and confirm our results of a strongly metabolically influenced control of respiratory drive not only during NREM sleep, but also during REM sleep. The lack of STC for respiratory timing during NREM and REM sleep shows that regulation of respiratory timing and drive are different and assumes that, as in wakefulness, the control of respiratory drive is more automatically influenced by reflex mechanisms ensuring metabolic homeostasis 23 than is control of respiratory timing.
LTC were detected only during REM sleep but not during NREM sleep in a similar manner for all respiratory components. We speculate that they are caused by cortical influences during phasic REM sleep, with an increased information processing in the brain in relation to dreaming. Studies showing that changes in EEG during transition from wake to sleep are directly correlated with changes in ventilation support this hypothesis. 20, 21 Previous studies have shown that beat-to-beat fluctuations of the healthy sinus rhythm also display LTC. 12, [16] [17] [18] Furthermore, in humans, the correlated behavior of heart rate and breathing frequency appears to degrade with age. [45] [46] [47] Our results of strong LTC for respiratory drive and timing components are very similar to those obtained for heartbeat interval time series during REM sleep in a previous study. During NREM sleep, the heartbeats were also uncorrelated on long-term scales, as were the respiratory components. This suggests that there are similar influences during NREM and REM sleep on autonomic regulation of heart beat and breathing.
Although the underlying mechanism for the observed correlated behavior, which implies the presence of a short-term and longterm dependence (memory effect), for respiration, heart rate, and other biologic signals remain to be fully understood, the method used in this study provides a useful tool to characterize and distinguish different physiologic processes such as NREM and REM sleep. Our identification of STC and LTC could be used to develop realistic models of respiratory control in sleep and might enable the detection of breathing disorders in sleep. We believe that the pure occurrence of flow limitations during NREM and REM sleep already changes the correlation properties in a characteristic way. This change may be used for detection of flow limitation. Furthermore, it has recently been demonstrated that the addition of random noise to the periods of mechanical ventilation might improve gas exchange and prevent further lung injury. 48, 49 It has to be determined in further studies whether a correlated physiologic pattern of respiratory variability with a short-term correlated respiratory drive or added LTC, such as occurs during REM sleep, will improve mechanical ventilation even more than random noise.
In conclusion, we determined the type and degree of changes in physiologic breath-to-breath variability based on long record times in a large group of healthy adults during NREM and REM sleep. The correlation properties found seem to be the expression of autonomic control of respiration during sleep. Moreover, the irregular breathing pattern during REM sleep is of nonrandom nature, and all breath intervals are not completely independent of each other.
